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e, Abstract 
Streaking images restricted to the direction of the diffraction 
b (scattering) vector have been observed on transmission through undoped 
Tinese disruption images (caused by the reduction of diffraction in 
G) u 
U, 
GaAs. 
b C  tt 45 Q) 
mc) d w  the direction of observation) appear both in the forward and in Bragg 
- .  
& t o ,  t; 
bJ c diffracted directions in monochromatic synchrotron radiation diffraction 
This Treviously unobserved phenomenon can be explained in terms 
w m 0 
G, 
4 
imaging. 
Of planar defects (interfaces) or platelets which affects the absorpcion 
coefficient in anomalous transmission. Such regions of the crystal look 
perfect despite the presence of imperfections when the scattering vector is 
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not perpendicular to the normal of the platelets. The observed crystal- 
lographic orientation of these interfaces strongly indicates that they are 
antiphase boundaries . 
I. Jntroduction 
Streaking images, approximately (!-SO pm) X (200-300 pm) , have been 
observed to appear only in the direction of 2 in (230) and (400) 
transmission as disruptive images (reduction in x-ray intensity) in both 
the ,Q (forward) a n d 4  (Bragg) diffracted beam directions at 8 and 10 Kev in 
synchrotron radiation monochromatic imaging. The direction of streaking 
rotates as the plane of diffraction defined by the incident beam and the 
scattering vector, H, is rotated. Figure la and b show enlarged (220) 
diffraction images of an undoped G a s  crystal in the 2 and 2 beam 
directions, respectively. Figure 2 shows an enlarged (400) image in the 0 
beam direction of the portion of the crystal observed in Figure 1. In 
these images, the formation of "cellular structure"' * is quite visible. 
With the monochromatic synchrotron radiation, the features of cellular 
structure are different in different diffraction conditions, in contrast to 
observation with Lang topography4. However, this cellular structure it not 
the subject of the present paper, and it will be discussed in a separate 
paper. This 
phenomenon appears to be rather common in high resolution imaging in Laue 
(transmission) geometry and plays an important .role in the identification 
of defect formatton during crystal growth. A similar imaging mechanism was 
originally proposed in a brief appendix in a paper on magnezic domain 
walls'. This interruption mechanism in diffraction imaging no& appears to 
N- 
This paper deals with the visibility of the streaking images. 
2 
c 
be more general. A detailed derivation of the e f f e c t i v e  absorption 
coe f f i c i en t  of planar defects ( interfaces)  and t h i n  p l a t e l e t s  randomly 
or iented w i l l  be given i n  t h i s  paper. 
The sample c rys t a l  has a roughly square shape (8  mm X 8 mm) and i s  
0 .8  mm thick.  The surface normal is close to  a cubic ax is  and i s  defined 
to  be [OOl]. Diffract ion images were observed with a video monitor fo r  
or ien ta t ion  and inspection of the overal l  qual i ty  of the c r y s t a l  on the NBS 
materials  science beam l i n e ,  X23 A ,  a t  the National Synchrotron Light 
Source. The monochromatic beam was prepared 6 - 8  with a 2 . 5  c m  X 3 c m  cross 
sec t ion  and l e s s  than 2 a rc  second divergence. The beam cross  sec t ion  was 
r e s t r i c t e d  by an x-y sl i t  to the 1 an2 sample area i n  order to reduce 
background sca t te r ing .  High resolution recording w a s  made on nuclear 
emulsion p l a t e s .  
11. z n  
For disrupt ion images, the e f fec t ive  absorption coe f f i c i en t ,  f ,  i n  
both the 0 and H d i f f r ac t ed  directions i s  given '-13 by 
where i i s  the mode of the dynamical f i e l d  with i = 1 f o r  anomalous 
transmission and D ( i ) ( x )  is the dynamical f i e l d  s t rength  of the i-mode with 
x ind ica t ing  the deviat ion from the exact Bragg angle.  
The quant i ty ,  
- i,j-J-gi 
= Fi(E) /F ie)  with Fi(H) = 1 Af"e , 
I+r i 7H 
3 
r 
is the ratio of the part of structure factor consisting of the imaginary 
part of atomic scattering factors for 2 and H, which is close to one in 
Q 
most cases. The quantity p is the ordinary linear absorption coefficient. 
Since D ( i )  (x) is negative, pmf gives anomalous transmission. For 
simplicity and compactness, we show in Eq. (1) the expression for 
symmetrical diffraction. The following discussion applies equally to 
asymmetric diffraction. 
The factor, AC(K), describes crystal imperfection through the 
N 
geometrical structure factor g(K): 
H 
where 5 is a momentum transfer and Ag(K) is the difference between the real 
structure factor, g(z), for an imperfect crystal and the structure factor, 
h ( K ) ,  for the ideal perfect crystal. 
@ 
Thus, 
44 
where the lattice sum is restricted within the diffracting domain of 
atoms", F, is the x-ray (unit cell) structure factor of the I-th cell, F 
is the x-ray structure factor of the unit cell in the perfect crystal, N is 
the number of unit cells in the diffracting domain of atoms, and :(i) is a 
displacement vector from the perfect lattice site, 5. Since a real crystal 
does not have perfect periodicity, K is given by H + q, where H is a 
& N /u Iv 
reciprocal lattice vector and q is a vector indicating the deviation from 
the reciprocal lattice point. 
A. 
The function Ag(K) can be rewritten 
4 
4 
where the lattice swn is taken within the diffracting domain of atoms. 
Unless this domain contains imperfections ( i . e . ,  t(i)#z), Ag(K) & vanishes, 
resulting in the ideal anomalous transmission (see Eq. (1)). 
As described in previous papers 0-13, the expression for the effective 
absorption coefficient, Eq(l), is valid for the anomalously transmitted 
beams both in the 2 and H beam directions in dynamical diffraction. The 
trajectory of these beams (the energy flow associated with photon fields 
c1 
inside the crystal) is identical to that expected in a perfect crystal. 
The propagation directions of the 0 a n d 2  beams outside the crystal are 
confined to the plane of diffraction. Beam divergence is suppressed during 
cy 
transmission. However, such divergence can be observed as contrast in 
images due to the scattering from imperfections located near the x-ray exit 
surfaceii . 
Let us define the beam geometry in Figure 3, where unit vectors, f ~ ,  2,  
and z form an orthogonal set describing the normal to the plane of 
diffraction, the tangential direction of the incident beam and the thin 
*L. 
crystal direction, respectively, The confinement of the diffracted beams 
within the plane of diffraction for these dynvnical beams demands q, = 0. 
The diffraction vector, H, is in the plane of diffraction, and, - 4  h = H/lEl 
defines the unit vector along 5. 
& 
Al 
We postulate that the streaking images that we observe are due to 
platelet imperfections uniformly displaced by an amount ,us with respect to 
the matrix at the interface. The orientation of a platelet is given by an 
orthogonal set of unit veccors, x, 31 and Ad n as shown in Figure 3. The 
Al 
5 
. .  
vector, n, indicates the normal to the platelet face (the thin direction). 
4 
The direction of y is chosen to lie on the plane of diffraction. Figure 3 
0 l#  
illustrates. the situation where the diffracting domain of atoms (hatched) 
does not contain the platelet (imperfection). 
In our model we further postulate homogeneous platelets, with a 
structure factor that is independent of I within the platelet and given by 
F'(K) = <F,(E)>, which may be different from F ( K )  for the matrix. The 
atomic displacement, u(l), in the surrounding matrix varies with P to 
accommodate elastic compatibility. In addition, the diffracting domain of 
N & 
N N  
atoms is assumed to contain completely a given platelet. 
Equation ( 5 )  can be resolved into platelet and matrix terms: 
Ag(K) = Ag(')(K) + Ag(2)(K), 
N Iy rr2, 
where 
and 
1 - iK - ( 1 )  -iK.P Ag(*)(K) = 1 [e N Y I V  - 1) e *-  . 
I w 
The bracketed quantity in the latter term is normally approximated by 
-iK.u(l), which is observed as Huang scattering.lsels Huang scattering 
depends on odd power terms of K, resulting in Ag(2) (H) + Ag'" (-HI = 0. 
Thus Huang scattering does not influence anomalous tratsmission. Evon 
terms in AgC2) (K) can be handled as change in the Debye-Wdler f&CtOr for 
Eq(1). This long range strain effect in the matrix through Ag'"(5) 
4" 
N /v /w 
4 
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I .  
results only in scattering images", which, as we have noted, are 
suppressed in the body of the crystal. 
The main task is now to obtain the lattice sum in Eq.(7) in the 
diffracting domain of atoms. The summation over I of exp[-iK-l] can be 
replaced by that of exp[-iq.l] for all diffraction vectors. It is 
* N U  
h N  
convenient to introduce another orthogonal coordinate system 0-phu, where 
the units vectors p,h and u represent the directions of the classical 
energy flow, the diffraction vector, H, and the normal to the plane of 
diffraction, respectively. Figure 4 illustrates the projection of the 
AI/*. w 
n4 
volume common to both a platelet and the diffracting domain onto the plane 
of diffraction. The origin of the coordinate system is set at the center 
of this volume. 
We consider this platelet, whose thickness is D (Figure 5). The cross 
section of the platelet in a plane perpendicular to the plane of diffrac- 
tion is shown in Figure 5, where the y axis is perpendicular to the plane 
of the figure, the x' direction is the projection of the x axis (or the n 
axis) on the plane of diffraction, and the Q is the normal to the plane. 
The site, D/sin x ,  of the platelet in the x '  direction remains constan:, 
N 
cv 
regardless of the position of the plane of diffraction (in the rr )  o- 
direction), except for the edge portions of the platelet. x is the angle 
between u and n. The size limits the range of the lattice sum in the AI P 
direction to 2W = D/sin x sin 4 ,  as shown in Figure 4 .  The angle I#I is the 
- .  N 
angle between h and the projection of the platelet normal, n, onto the 
plane of diffraction, that is n - 2. 
ry 
cos = (h-n ) ,  
& -1 
(9) 
7 
where 
The lattice sum is now given by 
where the u-summation is limited t o  the width of the platelet, the h- 
summation to the range determined by the coherent beam size in the h 
direction, say, -a to + a, and the p -  summation to the range - W + l h c o t  4 
to W + &cot 4 -  As mentioned before, the anomalously transmitted beam is 
restricted to the plane of diffraction, so that A# QO = 0. The u-summation 
becomes the projected width of the platelet. Thus, 
-iq P - q . a  - iqhPh P P  
' u  h P 
C e  
1 & +  = - I  e 1 - C e  
W + hcot Q 
- W + hcot 4 -a 
-a -W 
8 
c 
where the lattice sum (l/N) 1 is replaced by (1p)Jdudhdp. 
Performing the integration, we obtain 
where (Vp/V) is the volume ratio of the platelet within the diffracting 
domain of atoms. For a very thin platelet (W+O), the spherical Bessel 
function of zero order of q,W is one, regardless of the value of q,, . No 
restrictions are imposed on the momentum transfer in the p direction; the 
reciprocal lattice points are elongated in the direction of thickness. The 
condition for anomalous transmission guarantees that q,, = 0 for the i = 1 
mode in the thick crystal case. Since qp can take any value, the spherical 
Bessel function of [q,cot 4]a is effectively zero, unless cot 4 = 0. When 
cot d = 0, this function becomes one. in ocher words, oiily tli= 
diffraction vector, 3, is perpendicular to the projection of the plazelet 
normal onto the plane of diffraction, does the function, A G ( 9 ,  not vanish: 
AC(KJ = [E"co~ K*u -1) . 
N N S  V F  
Thus, when cot 4 = 0, and thus co,s 4 = 0, the effective absorption 
coefficient is given by 
From Eq. (9), the condition on srates that 
9 
I. 
(H-n ) - 0, 
w d  
, 
I which is equivalent from Eq. (10) to 
I 
(H-n) = 0, (IC) 
WF.r  
because (H-u) = 0. When cot 4 * o and thus AG(KJ=O,, the crystal looks 
perfect despite the presence of such platelet imperfections. Images of 
NrJ 
those platelets that satisfy condition (16) appear to be streaked because 
the longest dimension of the platelets lies only in the direction of H. 
Such images are the projection of the imperfections onto a plane parallel 
to the x-ray exit surface. 
111. pi scuss ion 
When we have a distribution of thin platelets, those platelets whose 
surface normal is perpendicular t o  the diffraction vector, H, are visible 
through their disruption of diffraction. Others with a different 
orientation do not disrupt anomalous transmission and are thus invisible in 
the given diffraction. AS given by Eq. (14). the effective absorption 
coefficient is dependent also upon the l4-4, term as well as upon the acomic 
constituents, F', which may differ from those in the matrix. Sormally in 
diffraction imaging (topography), the condition for invisibility is Sim?ly 
given through the H - u  relationship. Features can vary in visibilizy for 
various H's with a cosine dependence. In contrast to this situation, the 
thin ' extended planar defects modeled here have a unique visibility 
condition, given by Eq. (16), in addition to normal visibility conditions, 
d w  
N 
such as the H-u relationship and the dependence on the imperfection volume 
ratio. The explicit expression for the effective absorption coefficient 
N U  
10 
- .  
given here for symmetrical diffraction also gives the correct effective 
volume change in A C ( 3  for asymmetric diffraction. 
In ( 2 1 0 )  and (400) images of undoped CaAs,  those thin platelets with 
[110] orientation are imaged in the& and N H beams for ( 2 1 0 )  diffraction, 
while those with [Oll] and [OTl] orientation are imaged in the (400) 
diffraction. The (210) images indicates that the thickness of the 
platelets is of the order of lpm (resolution limit). The projected width 
of these platelets in the (400) images is roughly 60 pm. In both cases, 
their length is 200 - 300 pm. 
Experiments with asymmetric diffraction condition will confirm the F' 
and 6 dependence. Comparison of etch-pits patterns with these streaking 
images is also desirable. 
Several different structures are consistent with the observation made 
thus far. The essential conditions are that coherence is preserved between 
platelets and matrix and that there be a phase shift at the platelet/matrix 
interface. The platelets may simply be low angie grain boundaries, or they 
may represent regions of subtle changes in stoichiometry, impurities, or 
drastic changes such as precipitates or voids. The interfacial strain may 
include stacking faults. However, the fact that the observed interfaces 
are (110) planes strongly favors antiphase boundaries as a likely 
structure, where Ga and As atoms change places along a <111> direction 
parallel to the interface. The formation of such antiphase boundaries 
creates the interfacial displacement, 2,.  Indeed, the (110) planes 
associated with these observations are distinguished from (100) and (111 
planes in that both types of atoms are contained in the former. Under- 
standing of these platelets will shed light on .the formation of cellular 
11 
.. 
r 
structure in undoped C a s .  These "streaking" images have been observed in 
In doped GaAs as well accompanied by individual dislocations (presumably 
decorated) images. 
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Fig. 1. Images of diffracted beams in (210) transmission from undoped 
gallium arsenide with monochromatic 8 Kev synchrotron radiation. 
a: 0-diffracted beam, and 
b: H diffracted beam. 
Cellular structure is also visible along with streaking images 
running in the [ l i O ]  direction. 
Fig. 2. Image of the 0-diffracted beam in (400) transmission of the 
portion of the crystal in Figure 1. This image was taken with 
monochromatic 10 Kev synchrotron radiation. The streaking images 
run in the [loo] direction. 
Fig. 3. The beam geometry with respect to the crystal and a platelet. 
R: the normal to the plane of diffraction, 5: the direction of 
the incident beam projected on the crystal surface, and z. the 
thin crystal direction. The diffraction vector, 3, is given by 
h-50 and is in the plane of diffraction. The orientation of a 
platelet is given by an orthogonal s e t z ,  x and a 5 normal to 
the platelet face. is chosen to lie on the plane of 
diffraction. This figure illustrates the situation where the 
diffracting domain of atoms (hatched) does not contain the 
platelet. 
F i g .  4 
Fig. 5 
The projection of the volume (hatched) common to both a platelet 
and the diffracting domain onto the plane of diffraction. x '  is 
the direction of the projection of the 2 axis (and the axis) on 
the plane of diffraction. represent 
the directions of the classical energy flow, the diffraction 
vector and the normal to the plane of diffraction, 
respectively. 3 is the projection of the platelet normal on the 
plane of diffraction, is perpendicular to the plane of this 
figure, 4 is the angle between h arnd nA. 22 is the thickness of 
the platelet in the p direction. 
The cross section of the platelet in a plane perpendicular to the 
plane of diffraction. The y axis is perpendicular to the plane 
of the figure. D is the thickness of the platelet. x is the 
angle between 3 and 2. The hatched region indicates the limit of 
the lattice sum at a given position of the plane of diffraction 
along the direction. 
The units vector E ,  5 and 
lu 
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